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A computational model for
analysis of uncoupled NO
synthase on nitric oxide and
superoxide interaction in
microcirculation
William J Richardson*and Mahendra Kavdia†

ABSTRACT
Nitric oxide (NO) produced by endothelial cells is a key component for blood-vessel dilation.
Dilation is achieved through smooth muscle relaxation as a response to NO transport. Inhibition of
this process occurs through the inactivation of NO by reactive oxygen species, especially superoxide
(O2-). NO and superoxide react quickly, forming peroxynitrite (ONOO-). Both superoxide and peroxynitrite apply oxidative stress on vascular tissue. Experimental studies investigating NO interactions are difficult since these reactions occur rapidly and over small distances. This study presents a
computational model to describe the interactions of NO, superoxide, and peroxynitrite across an
arteriole/venule pair. Based on principles of mass transport, and using knowledge of chemical concentrations and reaction rates, a mathematical model was developed to generate the concentration
profiles for NO, O2-, and ONOO-. We simulated excessive oxidative stress by uncoupled eNOS and
determined its effect on NO concentration profiles throughout the region. Based on our understanding of the interactions involved, we predicted 1) increased oxidative stress in the venule decreases NO levels in regions of both the venule and neighboring arteriole, and 2) the amount of NO
reduction will vary depending on the location of O2- increase. The model demonstrates that different sources of O2- have varied effects on NO concentration profiles, and excessive oxidative stress in
the venule can impact NO levels in the venule as well as the arteriole. The results provide a more
complete description of nitric oxide transfer, which is an important step toward understanding vascular complications in many pathological conditions.

* William Richardson is a senior majoring in biological engineering.
† Dr. Mahendra Kavdia is an assistant professor in the Department of Biological and Agricultural Engineering and the faculty
mentor.
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INTRODUCTION

William J. Richardson
MEET THE STUDENT-AUTHOR
I graduated in May 2003 from Pulaski Academy
in Little Rock, Ark. The following fall, I began my
undergraduate studies at the University of
Arkansas and was given the Governor’s
Distinguished Scholarship, the Chancellor’s
Scholarship, and the U.S. Army Corp of Engineers
Scholarship. During my time at Arkansas, I have
been involved with the University Concert Choir,
Tau Beta Pi Honors Engineering Society, and the
University Ultimate Frisbee Club Team.
I joined the department of Biological and
Agricultural Engineering because of my interest in
applying technology and design to problems associated with living systems. My career aim is to
work in the medical field performing research and
development involving medical devices. I became
interested in doing a research project my junior
year and began working with Dr. Kavdia on his
studies of endothelial function and nitric oxide
interactions in the vasculature. In May 2007, I
graduated with honors and plan to attend graduate school, pursuing a Ph.D. in biomedical engineering. Conducting undergraduate research and
submitting a thesis with Dr. Kavdia has helped to
introduce me to academic research and has developed skills that will prove beneficial in my future
efforts, both academically and professionally.
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Nitric Oxide (NO) plays a very important role in the
human vasculature as a key element in the mechanisms
involved in blood-vessel dilation (Bitar et al., 2005;
Cook, 2006; Harrison et al., 2006). It is produced by several forms of the enzyme NO synthase (NOS). The most
notable form is eNOS, located in the endothelial cells
that line the inner surface of blood vessels (Cook, 2006).
Shear stress caused by blood flow stimulates eNOS to
oxidize the amino acid L-arginine and release NO into
the surrounding tissues (Harrison et al., 2006). The target cells are smooth muscle cells where NO is used to
convert GTP to cGMP (Cannon, 1998). The increase in
cGMP level results in muscle relaxation and thus dilates
the vessel.
Inhibition of this process occurs through impaired
eNOS production of NO, as well as through inactivation
of NO molecules by a number of reactive oxygen species
(ROS) (Cook, 2006). The most significant ROS is superoxide (O2-), which reacts very quickly with NO to form
peroxynitrite (ONOO-) (Guzik et al., 2002; VasquezVivar et al., 1998). Both O2- and ONOO- create oxidative
stresses in vascular tissues and have a number of harmful effects, such as enzyme inhibition and lipid peroxidation (Kavdia, 2006).
Oxidative stress is exacerbated under pathological
conditions such as diabetes, atherosclerosis, and hypertension where O2- levels are increased in particular
regions of the vasculature, thus decreasing NO availability (Cannon, 1998; Li and Shah, 2004; Wood et al., 2006).
Depending upon the condition, the source of ROS
varies, and thus the location of oxidative stress also
varies. A major source of superoxide during dysfunctional conditions is “uncoupled” eNOS. “Uncoupled”
nitric oxide synthase refers to the eNOS enzyme when it
is generated with an oxidized form of its normal cofactor, tetrahydrobiopterin (BH4) (Bitar et al., 2005;
Harrison et al., 2006). This results in a change in the NO
production mechanism as discussed by Li and Shah
(2004), and causes eNOS to produce superoxide rather
than NO. Under increased oxidative stress during pathophysiological conditions, BH4 is oxidized more readily,
resulting in greater concentrations of uncoupled eNOS
and thus creating even greater levels of superoxide.
During normal conditions, oxidative stress is kept in
balance by antioxidants such as superoxide dismutase
(SOD) and carbon dioxide. SOD consumes O2-, converting it to less harmful oxygen compounds, and CO2
reacts with peroxynitrite, limiting its availability
(Kavdia, 2006: Taniyama and Griendling, 2003). A
knowledge of interactions between NO, superoxide, and
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peroxynitrite, along with molecules such as SOD and
CO2, is crucial to understanding endothelial function
and dysfunction. Impact of nearby vessels on NO transport and endothelial function has also been shown. A
number of recent studies report that NO produced in
the venule can cause dilation of the adjacent arteriole
and similarly, NO produced in the arteriole can cause
dilation of the paired venule (Guzik et al., 2002; Kavdia,
2006). Increased O2- in the venular wall can impact NO
concentrations in both the venule and the neighboring
arteriole. Thus, it is important to consider a venule presence in the vicinity of an arteriole when studying NO
and O2- interactions.
These reactions occur rapidly and over very small distances, thus testing proves to be difficult. We took a
computational approach to study NO and superoxide
interactions. The computer model used was based on
principles of mass transport. Currently, models exist that
consider an arteriole-venule pairing so as to examine
NO transport (Kavdia and Popel, 2006), and models
exist that consider NO, O2-, and ONOO- interactions so
as to examine NO transport (Kavdia, 2006). Our model
combines both of these approaches to establish a more
complete description of nitric oxide transport in the
microvasculature, in the presence of oxidative stress.

MATERIALS AND METHODS
Model geometry. The geometry of our model has
been presented previously by Kavdia and Popel (2006)
and consists of a tissue containing a paired arteriole and
venule as seen in Fig. 1. Each blood vessel has six
regions: red blood cell-rich (CR) and red blood cell-free
(CF) regions in the lumen, endothelium (E), interstitial
space (IS) between the endothelium and smooth muscle
layers, smooth muscle (SM), and a nonperfused
parenchymal tissue (NPT). These regions are modeled
as concentric circles of increasing radii. Vessels are surrounded by a parenchymal tissue (PT) region, assumed
to be perfused with capillaries that distinguish it from
the NPT. The CR luminal region is assumed to be a
homogeneous solution of red blood cells. The PT region
represents a homogeneous tissue of capillaries and
parenchymal cells (Kavdia, Tsoukias, and Popel, 2002).
As the main production of NO occurs in the endothelial cells by eNOS, NO production is modeled using
boundary conditions on the luminal and abluminal surfaces of the endothelial region. Superoxide production
in the endothelium is also modeled as surface release
incorporated as boundary conditions. In the other
regions, O2- generation is included as an overall rate of
production. Peroxynitrite is produced only by reaction
of NO and O2- and is considered to occur in all regions.

In deriving mass balance of the three species (NO, O2-,
and peroxynitrite), the convective transport term was
neglected due to the speed of the reactions (Buerk, et al.,
2003). Also, concentration profiles have been shown to
reach steady state very quickly (Tsoukias et al., 2004).
Therefore, mass transport of the species throughout vascular tissues was described using the steady-state mass
transport equation (Equation 1). Written in cylindrical
coordinates,
(1)

where j represents the particular molecule of interest; Cj
is concentration; Dj is diffusivity; and Rj,i stands for production and consumption of the species due to chemical
reactions.
Total concentration of peroxynitrite includes concentrations of ONOO- and peroxynitrous acid (ONOOH)
(Nalwaya and Deen, 2003). ONOOH is in acid-base
equilibrium with ONOO-.
Boundary Conditions. Continuities of NO, O2-, and
peroxynitrite mass transport were imposed at each interface between the regions except for the outer edge of the
geometry and the surfaces of the endothelium. At the
outer edge of the PT, a zero-flux boundary condition was
fixed, and at the interfaces with the endothelium, the
release of NO and O2- were given by Equations 2a and
2b.
(2a)

(2b)

where j stands for NO and O2-, and Qj represents half of
the total release of either species from the endothelium.
Both arteriolar and venular endothelial productions
were modeled with these equations.
Chemical Reactions. Chemical interactions that were
taken into account for the sum of reactions term in
Equation 1 vary between regions as each tissue is
assumed to be composed of different types of cells.
However, all reactions present in the arteriole are considered to be present in similar regions of the venule. In the
cell rich region, NO is consumed by hemoglobin contained in red blood cells as a function of the NO concentration, reaction rate with RBC hemoglobin, hemoglobin concentration, and hematocrit. In the smooth mus-

THE STUDENT JOURNAL OF THE DALE BUMPERS COLLEGE OF AGRICULTURAL, FOOD AND LIFE SCIENCES

69

cle region, NO reacts with sGC according to a secondorder reaction. In the parenchymal tissue region, NO is
consumed and produced by capillaries, according to
capillary hematocrit, and capillary volume. Thus O2
reacts with NO in the CF, EN, IS, and NPT regions in a
second-order reaction in NO concentration.
In all regions, NO reacts with O2- to produce peroxynitrite, O2- is consumed by SOD, and peroxynitrite is
consumed by CO2. The reaction-rate expressions for all
reactions are presented in Table 1.
Parameter Values. Parameters used in the model are
listed along with their values in Table 1. Reasoning for
the chosen geometries have been described in detail in
previous reports (Kavdia and Popel, 2004; Kavdia and
Popel, 2003). A ratio of 0.5 is assumed for the arterioleto-venule radius values because of reported findings of
roughly 0.4-0.5 ratios (Boegehold, 1996; Nellore and
Harris, 2004). Diffusivities of NO, O2-, and peroxynitrite
are assumed to be constant across the geometry and
equal 3.3 x 10-5, 2.8 x 10-5, and 2.6x 10-5 cm2/s, respectively (Nalwaya and Deen, 2003; Zacharia and Deen, 2005).
Reaction rate for consumption of NO in the CR
region is 1,270 s-1 (Kavdia and Popel, 2006). This value
is a product of the reaction rate of NO with hemoglobin,
heme concentration of 20.3 mM in a single red-blood
cell, and a hematocrit of 0.45. Capillary contribution to
NO is calculated using a hematocrit of 0.3 and fractional volume of 0.0146 (Ellsworth, Popel, and Pittman,
1988; Kavdia and Popel, 2006). The resulting reaction
rate is kcap = 12.4 s-1.
NO production is located in the arteriolar and venular endothelia, as well as in the capillary wall and is considered equal (per unit surface area) in these regions. A
value of 2.65 x 10-12 mol/cm2-s is half of the total NO
production rate, and is therefore used for each side of the
endothelium (Malinski et al., 1993). The corresponding
release rate from the capillary region is 8.6 x 10-7 M/s.
Release of superoxide is assumed to be 1.72 x 10-7 M/s
(20% of NO production) across the whole geometry,
excluding the lumen. This is also the surface release rate
from endothelial regions. Peroxynitrite equilibrium
with peroxynitrous acid is described in the model
according to the fraction f, which equals 1/ (1+10pKperpH) with Kper = 6.75 (Nalwaya and Deen, 2003). Values
for pH in the lumen and the vessel walls are assumed to
be 7.4 and 7.0, respectively.
Numerical solution. The system of differential equations generated with equation 1 for NO, O2-, and
ONOO- was solved using Flex PDE 3.0 software (PDE
Solutions, Inc., Antioch, Calif.). We used this software as
it has a meshing algorithm that produces a greater
amount of elements when the concentration gradient is
70

larger. An adaptive meshing with a relative accuracy of
0.001 was used for the numerical solutions.
Simulations. Profiles for chemical species were generated according to the concentration values along the
horizontal center axis of the geometry, and extended 350
µm (100 µm left of the arteriole to 150 µm right of the
venule). Along with the base case parameters under normal conditions, the model was used to simulate uncoupled nitric oxide synthase. It has been reported that
uncoupled eNOS produces levels of NO approximately
1/3 x the base case scenario and levels of superoxide
approximately 3 x the base case (Shinozaki et al., 1999;
Vasquez-Vivar et al., 1998). Therefore, to model the
impact of eNOS uncoupling, the endothelial surface
release rates of NO and O2- were multiplied by factors of
1/3 and 3, respectively.

RESULTS AND DISCUSSION
Base case steady state concentration profiles for NO,
superoxide, and peroxynitrite. For the base case, we used
normal parameters as described in the methods section.
Plots of NO, O2-, and per concentrations for the base
case are displayed in figures 2, 3, and 4, respectively. All
species reached steady state values within 100 µm of the
vessel centers as they proceeded through the vessel walls
and into the parenchymal tissue region. These values
equal 66.3, 0.084, and 0.88 nM for NO, superoxide, and
per concentrations, respectively. Concentration peaks
were located in the endothelial regions with a max NO
equaling 98.7 nM and occurring in the arteriolar
endothelium distal to the venule; max O2- equaling 1.6
nM and occurring in the venular endothelium distal to
the arteriole; and max per equaling 3.8 nM and occurring in the arteriolar endothelium proximal to the
venule. Concentration gradients are steep on either side
of endothelial peaks and drastically decrease in the
lumen. NO and O2- are completely consumed, and per
is reduced to 0.014 nM in the venular lumen and 0.52 in
the arteriolar lumen.
Uncoupled eNOS impact. We examined the effects of
uncoupled nitric oxide synthase on concentration profiles of NO, superoxide, and peroxynitrite by changing
surface release parameters at the endothelial regions.
Superoxide production was tripled and NO production
was multiplied by 1/3. Two simulations were modeled: a)
only venular endothelium was considered to be uncoupled, and b) both arteriolar and venular endothelia were
considered uncoupled. Resulting concentration profiles
are seen in figures 2, 3, and 4 for NO, superoxide, and
peroxynitrite, respectively.
Concentrations of NO were drastically affected in
both cases. Significant decreases in values occurred at
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multiple (or all) of the four endothelial points, which
included the left side of arteriole, right side of arteriole,
left side of venule, and right side of venule. In the case
of only venular uncoupling, values of these four points
were decreased by 0, 6.9, 53, and 56%, from left to right.
In the case of both venular and arteriolar uncoupling,
these changes became 55, 64, 80, and 74%, from left to
right.
Superoxide profiles for both cases were very similar to
the base case profiles, varying only in height of concentration peaks, which were all located in the endothelial
regions. Uncoupling of the venule produced small
increases of 0, 1.2, 7.0, and 6.9%, from left to right. In
the case of both the arteriole and venule being uncoupled, changes were greater, equaling +10, +12, -60, and
-61%, from left to right. Concentration profiles for peroxynitrite follow the same general curve as the base case
but again values at the four endothelial points are
decreased. For just the uncoupled venule, changes in
concentration from the base case equal 0, -6.8, -42, and 46%, from left to right. With uncoupling occurring in
both the venule and the arteriole, changes equal -45, -56,
-84, and -81%, from left to right.
Discussion of uncoupled eNOS. There was a significant
decrease of NO concentration values in the cases of
uncoupled NOS. In the case of both arteriolar and venular uncoupling, the concentration profile never exceeded
that of the steady-state value reached in the parenchymal
tissue. This argues that heightened superoxide levels act
to consume the majority of available NO across all
regions of the vasculature. Only in the distant tissue was
an effect not seen. It is very significant that when only
the venular eNOS is uncoupled, a NO decrease of 6.9%
was seen in the arteriole endothelium. As literature has
shown the ability of venular produced NO to increase
arteriole NO concentrations (Guzik et al., 2002; Kavdia,
2006), our model suggests that superoxide produced in
the venule can indirectly affect the neighboring arteriole
and decrease NO concentrations in the arteriolar
endothelium. Thus, venular endothelial dysfunction can
impair not just venular dilation but arteriolar dilation
as well.
Importance and conclusion. The model has shown that
the uncoupling of eNOS can be a significant factor in
endothelial dysfunction and reduced NO. One aspect of
endothelial dysfunction that was not included in this
model was the percentage of eNOS that was uncoupled.
BH4, the cofactor of eNOS, can be oxidized by both
superoxide and peroxynitrite (Li and Shah, 2004) and
results in uncoupled eNOS. Our model simulation of
uncoupled eNOS considered all nitric oxide synthase to
be uncoupled but in actual human vasculature, the percentage of eNOS that is uncoupled depends upon the

percentage of oxidized BH4 due to oxidative stress.
Conditions of increased oxidative stress, with little or
no effect on NO levels could actually indirectly decrease
NO availability in the vasculature by oxidizing BH4 and
uncoupling eNOS, which was seen to decrease NO levels
in all regions. This is especially significant to consider
since the case of venular uncoupling reduced NO in both
the venule and arteriole. Taking into account the oxidation of BH4, pathological conditions that raise oxidative
stress levels in only the venule could indirectly lower NO
levels in both the venule and arteriole through uncoupling of venular eNOS. Including oxidized BH4 percentages in our model could be a significant addition and
provide a more complete understanding of these chemical reactions.
In conclusion, numerous studies have experimentally
reported changes in interactions of NO, O2-, ONOO-,
SOD, CO2, and uncoupled eNOS during different pathophysiological conditions (Bitar et al., 2005; Cannon
1998; Li and Shah, 2004; Mombouli and Vanhoutte,
1999; Taniyama and Griendling, 2003; Wood et al.,
2006). Our model has demonstrated these interactions
and provided insight into their possible mechanisms.
This understanding is significant to future studies of
endothelial and vascular dysfunction, and could potentially lead to improved prevention and treatment of
many pathological conditions.
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Fig. 1. Model Geometry
The model area includes the arteriole and venule pair, surrounded
by parenchymal tissue (PT) containing capillaries. Both the arteriole
and venule have a cell-rich (CR) and cell-free (CF) region referring
to the presence or absence of red blood cells in the lumen;
endothelium (E); interstitial space (IS) between the endothelium and
smooth muscle layers; smooth muscle (SM); and a nonperfused
parenchymal tissue (NPT), which contains no capillaries. Figure is
taken from Kavdia and Popel (2006).
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Fig. 2. Effect of uncoupled eNOS on NO profile. To investigate the effect of uncoupled nitric oxide synthase on the
species profiles, the parameters for endothelial NO and superoxide production were altered. For the simulation, 1/3 x
normal NO release and 3 x normal superoxide release were used in two cases: a) just the venular endothelium, and
b) both venular and arteriolar endothelium.

Fig. 3. Effect of uncoupled eNOS on O2- profile.
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Fig. 4. Effect of uncoupled eNOS on ONOO- profile.
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